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S]~cct]cJsco]Jic  ol)scrvatio]is  b y  l{ul)ill al~d otllms i]]dic.;itc  t}]:]t  tll( S tyl)( g:ll:~xirs  NT(;(;

4550,  NGC 'i21 Fia]](l NC; C41381]avc tw()-m~:]j~  tlisl;s\\ritl]  a s(]l)st:illti:il]  )()]ti[)]] of(llcst,c-

lar disk orbitillg  o])lmsitc  the direction of tllc rest. 111 1977, l{al]liljs  fo~]lld i]] a]]:ilytica]

work tl]at a ]mrticular  two way disk lllodcl was less suscc~)tablc  to two-fold l)zil i]lstabil  -

itics cvm] il] tllc absm]cc  of ally i]lcrt st, abilizi]]g  lla]o. ‘1’llis raised llc)])cs  of a llo]l-l~alc)

Il]ccllaliis]ll  to stabilim disks. l]owcvcr, i]] 1978, 7m]lF;  a]ld 110111  foul]d via si]l]l]latio]ls

t,l]at  mlc-fold  i]]stabiliticx  were C)]llw]ccd  i]] a tu’o-way disk with ]]0 lla]o.  Zang and 110111’s

silnu]atious wcxw of ml isolated disk with a fairly fiat rotatioll  curve.  III rccc]]t  sl]nula-

tim!s,  Scllwood  and Merritt find ?hat, the o]lc-sided instability is el]lla]lccd i]] si]l]ulatioxls

of no ilalo Kuz’man/Tcomrc  disks but &A a stable Inodel  parameter range does  exist.

l<uz’l~~a]~/~’ool;lrc  disks have rising and thc]l falling rotation curves. ‘J’llc obscrvccl  two-way

galaxies lla~w flat rotation mn-vcs  over most of their disks. Usillg  a self-gravitati]lg clisk

with a flat rotation  cmwc,  we redo 7,ang a]ld IIohl’s  isolated si]nulations  but with ]norc

partic]cs  plus varying amounts of all inert ‘(l]alo)’ componcllt.  Wc co]lfirm  tllc instability

of a disk with no halo and find that an inert halo equal to the two-way disk will stabilize

against both onc and two sided disturbances. Since small companions should frequently

perturb  disk galaxies, we conduct a variety c)f simulations of the spiral  arm pattcms  crcatcd

by SUC1l pa.ssagcs  comparing two-way to one-way disks. With  the same amount of halo,

tidal spiral arm patterns in two-way disks arc more symmetric, smoother and weaker than

in one-way disks. Galaxies with these characteristics may bc more likely observational

candidates in the search for two-way stellar disks.

1.1

the

I. IN’.T’RODUC’I’1ON

Galaxies wiih substantial  Counter-&otaiing Siellar Disks

Rcccntly a number of galaxies have been discovered in which a substantial portion of ‘

stellar disk is counter-rotating relative to the rest of the stellar disk. Spectroscopic

observations indicate that the SO galaxy NGC 4550 is a two-way disk galaxy with a

substantial portion of the stellar disk orbiting opposite the direction of the rest (Rubin
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1993, l{lll)ill, (;l’allalll  al][l  l{cll]l(!y  1992, l{ix,  l“l”allx, l“iSll (’1’ illl(l  lllill~;\\’(Jl’il]  1 !)92).  Vi:]

s]xctros(:o])i(:  olxxuvatio]ls,  tlIc  Sal) f,alaxy  II(; (; ‘/21 7 l]as also l~cc]l sll{m~ll  to llav(’ at least

30 ]xnccl]t<  of tllc stars  ill its disk two way rrlativc  to tl)c rest over a sul Jstalltjial  ])ortioll  of

tllc disk (Merrificld a]ld Kuijkcv]  1994). N(;C~  4138 (Jorc, ]Irocils al]d IIay]]m 1995, 1996)

1]:1s  l.)ccl]  found to IIavc at least 20 ])crccl]t of its stellar disk to bc collllt(:r-l[)t:itill:;.

‘J’lic csti]llatcd port ion of tl]c disk wl]ic]l is cc~lllltc:l-lot~itillr;  il~ tllc CXWI1])lCS  al>ovc is

Imsd oI~ ratios of lillc strc]]gtlls. Si]lc.c tl]c coll]])o]lc]lts  arc l)robably of difli:lc]lt, af;cs

alIcl  Incta]licitics which would also aflcct li]]c strcllgtlls,  tfl]c  actual  mass-fraction whit]]

is coll]ltcl-lc)tati]]g  could bc larger tllal] stated. ljccausc  galaxies with substalltia]  stellar

co~]tltcr-1’otatill~;  disks haw. now bcwn found to exist, theoretical studies of !,hc cly]]alnical

stability and morphology vf two-way stellar disks llavc bccoInc  lnorc interesting sillcc the

gravitation of the counter-rotating component sl]ould  bc significant. Mcrrificld and Kuijkcn

(1994)  suggest that because the dctcctio*, of galaxies wit],  substantial stcl]ar countcr-

rotating disks is difficult, these may bc ]norc com]no]l among p;alaxics than onc would tllil]k

from the fcw examples found so far. This ]Ja])cr  studies such galaxies via simulations to

dctcrminc  which kinds of galaxies might be good czmdidatcs  for these dificult  observations.

The our simulations arc not aimed directly toward determining how these galaxies ]nay have

fonncd.  Scc Thakar  and I~ydcn  1996) for rcccnt  simulations of possible formation proccsscs.

Our results will however bc useful in the determination of how common these galaxies may

be which will have a strong indirect effect on judging what is the best formation mechanism.

Ilcrtola,  Buson and Zcilinger [1992) divide counter-rotating disk galaxies into three groups:

(1) ‘1’hc above group (NGC 4550, NGC 7217 a~~d  NGC 4138) in which substantial portions

of the stellar disk orbit op]>ositc  the rest of the stellar disk. (2) Galaxies with countcr-

rotating disks where the gas disk rotates opposite the old stellar disk. Examples arc NG C

3626 (Ciri,  IIcttoni and Gallcta  1995) alld several SO galaxies (Gallctta  1987, Dcrtola,

Buson  and Zcilinger 1992). (3) Cases where onc portion of the gaseous disk orbits opposite ‘”

another (e.g. NGC 4386, Braun, Walterbos,  and Kennicut  1992, Rubino  1994, Waltcrbos,

13raun and Kcnnicut  1994).

where the two-way condition

We will restrict our simulations to the cxtrcmc  case (1)

extends over the entire disk in the gravitationally dominant
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1 . 2  ]’ast  si?rtuioiao~h.~  a7Ld i/Lc ]]opc of ‘(No -lla.lo Siabilizatioll”

111 Lllc 1 970’s, self-gravitat,i]lg si]llulatio]]s  of F;tl]~X~  disliS sl]owcd  a distl]rbi]]:;  l)ro])c]l-

sity to two-fold (I)ar) instabi]itics Cxcati]]p;  velocity (lisl~crsio]ls  fiir ill cxccss of tl]ose ol)-

scrvccl  i]] tllc Galaxy (e.g. IIol]l 1971,  Miller 1971). 0]1 L1lC lmsis of si]]]ulat,iolls,  (lstrikm

a,lld  l’ccblcs  (1973) aIIcl ]nany otllcrs since  llavc argued that a. ]~rcviously ulldctcc,tcd  IIigl]

velocity dis])crsion halo is ],ccdcd  to stabilize tllc disks of sl)iral  galaxies. Ka][lajs (I 977)

fotl]]d  in analytical work that two-way disks WCYC lCSS suscc~~tablc  to two-fold bar illsta-

bilhics  even in the abscncc  of any stabilizing halo.  Kall]ajs sugt;cstcd  that “reversing the

a]]guiar  inoI:lcllta of some stains provides a lllorc cl~ectivc way of stabilizing a disk tl~all

just pretending they arc part of an immobile l]a]o.” Via simulatio]lsj  Zang and 1101]1 (1 978)

con~lr]ncd  that the st abilit y-cnllancing  effects c)f two- way disks against bar formation arc

true for an isochrone  disk and for a fairly flat rotation curve disk resembling the Schmidt

]nodc] of our Galaxy.

The nope had been raised thai,  there may bc ]~o I]CCC1 for cxtcnclcd halos to sta,bilizc  clisk

galaxies. However, Zang and Hohl  (1978) found that an m == 1 ‘(lop-sided” instability was

cnhanccd  for both the isochronc  and flat ‘(Schl nidt” disks as the fraction of disk stars which

orbited opposite the majority was incrca,scd.  A number of authors have analyti  tally veri-

fied Zang and Hohl’s simulation results for a variety of models e.g. Sawarnura (1988) for

weakly shearing disks and Merritt and Stizivclli (1990) for oblatc  spheroids. Most recently,

Lovclacc,  Jore and Hayncs (1996) have analytically evaluated the instability for a variety

of cases of counter-rotating gas or stars. In simulations, Scllwood  and Merritt (1994) also

found for Kuz’nmn/Toomrc  disks that counter rotation cnhanccd  the m=l instability. Sell- “

wood and Merritt (1994) also studied bending instabilities. ‘Ilcsc instabilities eventually

caused the disk to thicken to a certain degree largely indcpcndcnt  of the initiaJ  thickness

(See Sellwood and Merritt’s Figure 7). Scllwood  and Merritt were succssful in fhlding  a
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thil)  11]0(1(’1  wit]] Q  o f  1 .’/ wlli(.11  s~lrviv(:s  fc)] ii 1:11’XC  ]lUIIII)CI’  o f  (Iy]la]llical  tiII](’s  i]] 1,11(’

mll])lc!tc  al)scllc(! of /i 11:110. ‘] ’] Icy sII[:g(:st, L]]:, t, L]]is  II1(I(]c!]  ]I)i{j]t ])(: a])])lc)])ri:~t,c  fo]  N{JC;

4[)50.

1.,7 Ncw si~ndaiiom  oj ~’wo- ‘way ])isk y’ida~  A T?IL hfo7’ylLok)gy

‘J’llcgrou])  (1) coll]]tc]-lot;~ti]]gstcl  lal disk ~;:ila.xics  (lisc{)\Tclc(ls  of:i]li[i\~c  rat]lcrflai

rotat; 0]1 C,ul’vcs . ltubi]l ct al (1 992) dcscrilw tllc rotat,io]]  curve of tllc NGC 4550 disk

collt;li]]i]lg  tl]c  Lwc)-way coIIIl)oIlm It, as “risi]]~;  ix) 120  k)ll/s  at 5 arc scc.o]lds  al]d coIJsta]]t

b(:yolld”  to 3 0  arc Sccollcls. A s  dcscrilxxl i]] tl]c obscmatiollal  ])a.])crs  cited almvc,  tllc

c[~l]lltcr-rc)tati]lt;  galaxies NG C 7217, NGC 4138 and RTGC 3593 alsc) l~avc fiat rotaticjll

curves ovm Incwt  of their opiical  disks. g’l]c l<t]z’xllaIl/’l’oo]]]xc  disk simulatio]ls of Scll-

woc)d  and Mcmitt (1 994, scc their  Figure I ) llavc rising MICI tl]cli falling mtat,icnl  CUI-VCS.

To confor]n to the observed pro]) crtics of tllc coulltcr-rotating  galaxies cited above more

simulations with flat rotation curves arc ]~ccclcd.  ]n tllc prcscllt paper, wc discuss ncw

isolated simulations similar to the flat rotatio]~  curve disk stability silnu]ations of Zang

and llohl  (1978) but with more particics  and better display of the disk morphology. Also,

si]lcc the Zang and Hohl simulations had no halo, wc carry out the simulations with vary-

ing amounts of an inert halo added to asccrtai  n how much halo would be nccdcd  for

stabilization of counter-roiating stellar disks against one-fold disturbances.

lsolatcd  simulations arc are somewhat artificial since the perturbations arise via numerical

effects in the model. The stability of sc]f-gravitational disks of galaxies is actually %stcd”

in nature via frequent tidal perturbations by a, fcw large and many small companions.

These perturbations can be very cffectivc  and arc possibly the major way that global

spiral arm patterns arc crcatcd  ili galaxies” (Byrd and Howard 1992). Since galaxies with

substantial counter-rot sting stellar disks have been shown to exist and may even bc fairly

common, wc will also simulate the morphological response of self-gravit sting t we-way and

one-way disks to tidal perturbations by a variety of companions. If there are systematic

diffcrcnccs  bctwccn  the shapes of tidally crcatcd  arms in two-way versus one-way stellar

disks this may suggest which type galaxies arc likely candidates for the difficult observations

in search of count cr-rot sting stellar components.
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11. SIMIII,  A’I’l(lN h401)l’;l,

‘J’l  Ic si]]lulati(n]  code is  a fl]lly s(’lf-f;]:lI~it:\tiIl{\  lJolaI  gri(] co(lc. ‘.I’l Ic origi]l:]l vcrsio]l  w a s

w~ittc]]  by Miller  (1 9T6) as ]Jrol)al.)ly  tllc fi]st  ])olar  p;rid 11-l Jo(ly  C O( 1C  usc(l for galaxy

siIllulat,iolls. ‘IIIIc ]jrcscIIt  code  i s  a  g]catly ]I]o(lificd (lcs(x:IIdaIlt

agai]]st  i]]dc}mldc]ltl.y  writtcu]  ]mlar aIld  Cartcsia]]  grid codes (fo]

1989, IIoward 1989, IIowal”d and l~yrd 1990, IIoward  Ct al. ] 993).

wllic]l h a s  lj(xHI tc:std

d(:tails  scc ‘I’l IoIIIassoIl

As lllcntimlcd earlier-, tllc co~]l]tcl-lcjtati]]~;  stellar disk cxalll])lcs llavc flat rotatio]]  CU]VCS.

‘.l’llc ])articular self-gravitatillg  disk with a flat rotatio]l  c,urve tl]at vw usc is a fi]]itc-radius

Mcstcl (1 963) disk,  l’llis disk l~as a]] analytically fhlitc radius, li~, with a fiat, rotatio]~

c,urvc  of vclocity$  V~, to ?Ae disk c.&c. Onc c1 ossi]lg  tilnc for tllc galaxy is ddind to be

ltg/Vg and is set to 50 time stc;xi In tlm si]llulation.  q’aki]]g  the disk radius to lx 2(I k~)c

wit]] a disk orbital speed of 200 kin/s, tllc lcng~ll of a ti],lc step ill nlilliolls  of years is

’20 R9 / Yj or about two million years. Our simulations typically cover 1000 tilnc steps or

about two billicm years, a reasonable lcllgtl]  of time to test stability.

13csidcs  the self-gravitating disk, the model co]lt,ains an inert, non-self-gravitatillg ‘(halo”

compollclk.  This inert  r,omponcmt  may be duc to a halo and/or  bulge which has a large

velocity dispersion and is thus very staldc or insensitive to pcrturbatio]ls.  q’hc ]lalo com-

ponent’s effect on the disk is specified by the halo-to-disk ratio, “H/D,” which is the ratio

of the rclati,vc contributions of tllc halo and tllc disk to the gravitational acceleration of

an orbiting disk particle toward the center of the initial disk. For the isolated simulations,

wc assumed the disks to have 180,000 star ])articlcs. Zang and Hold (1978) had 50,000

particles. Wc make tile cxtrcmc  assumption of equal mrmbcrs  in each of tllc two-way stel-

lar components. The local stellar velocity dis]mrsion  is set so that Toomrc’s  axisymmctric

stability criterion, Q, is equal to 1.0 for botl] one-way and two-way disks. However, it

should bc noted that unavoidable effects of softening of the force in this and other types “

of n-body programs raise the net Q of the disk to N 1.5 with larger values in the central

portions or near the edge of the disk (Byrd ct al. 1986, Byrd 1995). This softening of the

force law also mimics the effect of a finite disk thickness.
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0111 ]]]:\i]]  il]tc](:s(  i s  ill (Iisl<-]Jl:~ll(  aIIll  II}(JI]J)Iol(Jp;~T. ‘1’11(: ]):irlicl(s  ill  0111 Sillllll:ltio]]s  iII(I

col]st]t~illcd  to IJ]C)VC wit,lli Il a i,w70  dilllc]lsio]]al  d i s k . ‘J’l]is  s;Ivcs co]]l])lltatioI]”  ti]]](’  ;III(I

i]l(:rcascs  tl]c  II IIl]Ib(:r  of ])artic.lcs  ]mssil)lc  iII a  si]]lulatio]l. licalisl]l  of i]l-])lallc  fc;it,llrcs

is IIOt afl’cctcd  II Iucll by disk waq)s sillcc  i]l-l)lal]c  acdcratio I]s cl IaIlgc  oIIly as tl]c cosiIlc

o f  tlIc  bclldi]]$; aIIglc. Scllwood and Merritt,’s (1 994)  si]l]ulatiol)s  (10 s])ow soI]lc l)clldi]l~;

i]lstal)ilitics  but  Iiot Lo a dcgyx  that tllc ill-])lallc  forcm  will bc cllaIIgcd  sigylifica]]tly. Co IIl-

])ari]]g  two aIId tl]rcc diIIlcI]sioIlal  silnulat,io]]s  of M51 after a si]]~;lc })assagc  of a ])crturl)cr

[Iloward and llyxcl 1990 and 13yId :Llld Salo 199G), 110 lcal Cficct,s  011 a Cllwlgc  fI”olll  two to

tlllrcc  dill]c]]sio]ls  arc scc]l  ill a face-oll view of tllc disl{-]da]~c  ar]Il st,ructurc.

WC cl]cckcd carefully to sw that tllc code was fullctionixlg  as it sl:ou!d. AI1 iIltcrcstillF;,.

after-t)lc-fact test involved l]aving t,llc coln]]anioc  or?)it ])ast tllc disk ill two ot)]crwisc

idc]ltica.]  orbits of opposik  sense. In a cnc-way  clisk the resulting morpl~ologicx  for t}]csc

two ])assagcs  arc quite  different. Ilut for a two-way disk, tl]c resulting tidal lnor!~llolo,gics

were identical cxccpt  that they arc mirror images of onc another at every tilnc step. l’or

]~lm-c details about the code scc IIyrd and IIoward  (1992) and rcfcrcnccs  therein.

111. TWO-WAY  VERSUS ONILWAY

Our usc of 180,000 stars (rather than the bi]liolls found

I S O L A T E I )  D I S K S

in actual gahixics)  results in small

statistical perturbations whose effects wc study ill isolated disks to indicate the stability

of the disk. Wc compare simulations of one-way disks versus two-way disks, and wc study

evolution at several H/D ratios rather than zero alcmc as ill other studies (e.g. Zang and

Hohl J 978, Scllwood  and Merritt 1994).

‘1’llc morphological evolution of these comparative simulations arc displayed in an identical

manner in the figures. Wc attempted to improve the display over previous studies so that

the main conclusions of this article arc maclc clear by simple comparison of the simulation

images. Increasing particle number or density is indicated by increasing darkness cxccpt  in

the outer portions where single particles arc shown. The method of the display is dcscribcd

in more detail in the Appendix. Table I lists tllc simulations carried out for this article.

Figure number rcfcrcnces arc given along with the parameters of the simulations.
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‘1’11(  m~oluti(nl of all isolated two w:i~ (Iisk with 11/1)  : (1 is SIIOWII ill l“i~~;~]rc  1. ‘1’11(: (lI:IIIg(x

~$~it]l  t,j]]]~ ill :111 isol:]tc(] Ol]c-w:ly  11 /1) z () disk ;U’C S}1OWI} ill l“igum 2. ‘J’IIc il]itial, circular

(Iisk is slIowII  011 i,l Ic lI]J])(:I lcftf  ill I)otll  1~’ip;~~r(’s to cstjal)lid]  tl]c  sca le  aIld  tiIIlc scquc  IIc. (J.

III ]]citllcr case is tlIc  disk stal)lc. Wlli]c  wc cxl)cct t}lc oIJc-way  d i s k  wit,ll II() lIalo  to bc

u]lstal)]c,  cmultcr-  rotation cvidel~t,ly dots IIOt cc) I]tril)utc  to stability of {i two-way disk. J t is

very clear iIl tJIcsc two ~lgurcs  ]Icitllc] is sta}~]c  aIId t]lat tl]c  iso]atcd two-way  disk (1’’igurc

1 ) Idlavcs i]] a II IaIIIlCr dif~crm]t  frmn tl]c  cc)IIcs])c)]]cliIlg  isolatd  oIIc- way  disk (? ’’igllrc  2).

‘1’llc two-way disk S}]OWS  its iustahility i]] a one-sided ]l]all]]cr  just as cxl~cc.tcd  fro]xl za)]g

a]~d  1 Iohl (1 978). ~’llc ollc- way l{’igurc 2 disk snows ]norc,  two-fold fc, aturcs.

IT] gcnmal,  illcrcesillg  the halo’s  contribution stabilizes both  kincls of clisks  against  pertur-

bations  to about the same dc,grcc. Our silnulatio]ls  indicate that 11/1)== 0.5 is just m] the

stabilization side of the Ixml(iary  of halo stabi]izatio]l  of both ollc-way  and two-way disks.

As sl]own in Figure 3 of a tt~o way disk, 11/1) of 0.5 sup])rcsscs the violent il~stabilitics

sccll if lio halo is present. Althoug?l,  tllcrc is lca,kagc  from tllc edge and a weak ring is cast

off in the last frame, the basic  structure of the disk as SCCI1  in the shading from gray in

the outer parts to black in the ccntcr  is the same in the last frame as in the first. The

results are very similar for a one-way disk. For H/Ii of 1 or larger, isolated t-we-way disks

arc quite staldc as arc one-way disks (See Howard et al. 1993, Figure 1). Wc emphasize

that tliesc disks with this much halo arc very stable against the formation of bars.

I V .  T W O - W A Y  V E R S U S

O N E - W A Y  ‘1’IDALLY  P13RTUR13ED  D I S K S

Wc also simula,tc  tidally perturbed two-w~y  disks. Here wc investigate whetlm  typical

spiral galaxies would show diflcrcnt  arm morphologic if they had two-way stellar disks

rather than one- way disks. our emphasis wi] 1 xlot be on extremely violent perturbations

bccausc  such encounters are more rare than smaller perturbations and bccausc  the galaxy

structure is disrupted so much by these passages that diag]losing  systematic differences

would bc doubtful both in the simulations and in the observations. Wc arc intcrcstcd  in

whether images of disk galaxies at wavelengths which show the underlying stellar disks (e.g.
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1 l);l] 1(1)  lllil~ 1)(! LIS?ilJl(!  tfO jll(lg(: Wl]ct]lcl  (Iiili(’l]lt  nl)so]])lio]]”  li]](>  S])(’ctros(x)]ly  fol coll]]t  (’l-

rotatiol]  is  just i f ied.  AI] i]]crt, softc]]cd  ])(:rtLIIl)(!I  is i]]itial]y  ])lacx:(]  ill :1 zcrc)cII(’Igy  orl)it,

f:ir (v]our;l]  ;Iway to cllsurc  i]]sig]lificaI]t  tid:~l  (fl(cts. l)ifl’crclit  ])cricmlt(v (listallccs r(:ltiiivc

to ijllc illitia] disk radius arc silllulatcd wit]] tll(:  tid:i] effects al}l)caril]r;  as clos(:  a])])]oac.1]

occurs. ‘J’l]e compalliml orbits in tllc disk l)la]lc. Agail),  l)ara]llcters  of tllc sillllllatiol]s  arc

listed wit]] figure numbers ill ‘1’able 1.

l’irst  we cxn]sidcr  dis tant  ]miurbatim]s  of tvm way  aIId OII(!-  way disks by .3 sIIIall IIIaSS

]K!rturbcl’. ‘1’IIC!SC Slloulcl  bc tllc most Ilulncrolls  ty])c. Figure 4a,b S1]OWS  tl]c tiI1lc scquc]lcx

of a two way stc]lar disk galaxy with ]] /1) :- 1 ]mturbcd  by a low ]nass (O. ] galaxy ]nass)

coln]xmioll  passing clockwise at two disk radii. ‘I’llc ~o]nj)aniol]  is SCC]l as a darker  dot

ill solnc of the frames. Since the details of t]ic arln Inor])lJc)logy arc important  in C)LU’

tidally perturbed models, wc adopt a proccdu]  e to show tl]c tidal ar)ns more clearly on

tile lwi~ltcd illustrations. Figllre 4b shows tllc same silllulation  of a pert.urbcd twc)-way

disk as in Figure 4a but with the morphology delineated by xlon-collidiilg “star” particles

which have no initial velocity dispersion. As the reader can SCC, these particles show the

same arm morphology as Figure 4a but the arlns arc sharper, darker and thus visible in

the printed illustration. Wc will show this type dis~~lay  for the tidal arms of our two-way

disk simulations.

Wc show a mosaic from an otherwise identical oxlc-way perturbed disk simulation in Figure

5. The pcrturbcr  passes in the same direction (sense) as the disk spins in this one-way

simulation. We also simulated the effects of an opposite sense perturbcr  on a one-way

disk at this distance of close approach. The cfl?’ccts  of an opposite sense pcrturbcr  on a

one-way disk arc not very large so wc do not shc)w a tilnc sequence for this case (SCC TaMc

I). Wc refer the reader to Howard ct al. (1993) for a video illustration of a two disk radius

opposite sense cncountcr  for the one-way disk(cncountcr  number 40).

Comparing the two-way Figure 4 and one-way Figure 5 disks, the initial effects (first four

frames left to right) of the perturbcr  on the edge of the two-way disk in Figure 4 are

significantly different from the corresponding frames of the perturbed one-way disk in
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l“if;(lrc h. ‘1’11(: distl]rl)a]lcc  i]] tl]r (11s1;  i s  w(:;il;(I]  :i]j(l 1110](,  sy]]]]]](,t]i(.. III l:It(I  fI;IIJI(,S [)

tllroq!!ll  7), Ii’(: Ilotc that tllc two- way disk :11 111s :11’(’ W(wl{(!r> ‘s]]lootl](:r” :]]](1 J]l OIC tigl)tly

wolllld t,]l?l  IJ tllc ~)crturl)cd  011(1-way disk. 111 l“ralll(% 8 till’qj) 1 (), b(’callsc  tll(’ ])(’1’t!llI’l)(v’

11:1s lost orbital el]crgy to tllc ol]c-way disk, it, l)as rctll]lled for :( scc.ro]ld  c,](xx: l)assa?;c.

1 )yllal  Ilically,  this ,gcakr loss of I)crturl>cl  cIIcrgy and l)ossil)lc c;il)turc  is al Iot,l IcI (Iifli:lcllc.(:

b(!t WCCIl tllC! OIIC- Way and tWO Way diSliS. ‘1’lIV fil]d fI’~lIICS Of tll(! tWO Way l{’ig[lrc  4 disk

S]IOW a syln Inctric,  sIIIoot]l disk ga]axy Wit]l tif!jlt]y - coi]cd I)arl’ow arllls  iIl coIIt I’ast t,o il]c

OIIC- Way f;d:LXy. Galaxies with this I]]orl)l)olo{:y  IIligl]t  lx good c)l~scrk~:tlic)lliil  cal~didatcs

for two-way disks.

NCXL wc will collsidcr  C1OSC pert ubatio]]s  by sxllall  Inass colnlmniolls. 1~’igurc  (ja,b  S11OWS  a

two-way disk perturbed by a 0.1 mass l)crt,urbcr  whic]l  grazes L1lC disk. Con)]}arc this to

l’igurc 7 which shows a similar cncou]ltcr  for a one-way disk with the compa~licm  passing ill

tllc same sense as the disk spill.  When tllc conlpa)lion leaves tllc two-way disk after cl.osc

approach, tllc smooth iwo-armed tightly WOU]ICI pattcm  ap])cars  in Figure 6’s FraTncs 6, 7,

and 8 which rcscmblcs  the -pattern in

4a,b. As in the previous comparison,

symmetric and the arms more tightly

way disk (Figure 7).

the mom weakly perturbed two-way disk of Figure

this more strongly perturbed two-way disk is more.
coiled than in tllc corresponding C1OSC passage onc-

l’igurc  8a,b shows a fairly gentle perturbation of a two-way disk by a half-galaxy mass

disturber passing at two disk radii. While such encounters will bc lCSS frequent than those

wc have already discussed, some distinctive feature combinations are present in the early

stages that distinguish two-way from onc way disks. The patterns for this two-way disk

perturbation arc superpositions of the features seen in the pcrturba,tio]i  of one-way disks

by companions orbiting opposite to and in the same sense as the disk spin. For images of

corresponding one- way disk cncountcrs,  wc refer the reader to encounters number 5 and

41 in the Howard ct al (1993) simulation survey video. A distinctive feature of same-sense

perturbations of one-way disks is a pair of 100SC tidal arms that coil up as time passes.

These arc also seen in frames 3, 4, 5 and 6 of the Figure 8a,b two-way disk. A distinctive

feature of strong encounters with a pcrturbcr  opposite the disk sense is a distinctive set

10



o f  hi])])](x)’  i]) a ()]1(!

(’1 al. 1993).  ‘J’]] (X!

(lisk. All ]mturlxxl

goo(l t,wo- way disk cmldiatc.

V. l)lSCUSSl  ON

‘J’llc observed two-way stellar disk galaxies ]lav(: flat roi,atioIl  curvcx, WC tl]us silli[l]a{,c

i s o l a t e d  t w o - w a y  flat mtatioIl cIIrvc! d~sks i]} tL coI]firInatioll  aIld Cxtcllsiml  of ~aIlg  aIlcl

110111’s (1978) study.  Similar to Zang and IIOII1)S  results, our fi]litc two-way Mcstcl  disks

with 110 halo are just as violently

difcrcncc  in that,  the the two-way

disks S11OW a two-sided instability.

u]l:;tab]c  as (J]]c-way  disks wi~l] 110 halo. ‘J’llcre is a

disks llavc a, o]lc-sided illsta?~ility  wllilc tl]c o]lc-way

Going beyond Zang a]ld ]Iohl (1 978), WC! C1O isolated

silnulations with diffcrcllt amounts c-f halo a]~d fi]]d that tllc l]alo ~)a]zuncter JI/D vaiuc

seems to lx equally stabilizing for both elm-way and two-way silm]lations. l]lcrt “halos”

comparab]c  to the disk arc rcquimd  to stabilize two-way as WC1l as o]]c-way disks, ‘1’Ilus

wc suspect that the observed two-way disk gdaxics

component. In our simulations, an H/1) of at onc or

two-way stellar disk with equal components.

llavc some sort of stabilizing inert

greater is sufficient to stabilize the

Since the number of galaxies increases rapidly as galaxy mass is dccrcascd,  ticlal  pertur-

bation  of disk galaxies by small  mass companions is rather frequent. Wc thus simulate

the cflccts  of distant (2 disk radii), nearby (disk grazing) and small (1/1 O galaxy) mass

pcrturbcrs  on two-way stellar disks and compa,rc  thcm to those in one-way disks. The

initial cflccts  of the small mass pcrturlmr on the edge of the two-way disk arc significantly

diflcrcnt  from the corresponding frames of the IJcrturbcd  one-way disk. The di sturbancc

in the two-way disk is weaker and more syrmnctric.  In later frarncs, wc note that the .two-

way disk arms are weaker, smoother and more tightly wound than the perturbed one-way

disk. The final frames of the two-way disk show a symmetric, smooth disk galaxy with

tightly-coiled narrow arms. The anemic class of spirals proposed by van dcn Bcrgh (1978)

which show smooth spiral arms could bc good c.andidatcs  in the observational search for

11



l’cltlllllj~liic)lls  of a two-way disk l)y II)orr II)assiv( (1/2 p;alaxy) l)ut (listallt  (2 disk ra(]ii)

])(!rtlll’l)crs S h o u l d  1X! 1(XS frcqucllt  tllall S u c h  ])assagcs l)y Slllall I112LSS ]X!l’t,ul’lm’s. 1“01” a

(listm)t  IIIOIW l)lassivc  ])crturbcr, sol Ilc dis(, il)ctivc  fcatllrc  collll)ill;iti[)lls  alc ~)rcscl]t  iIl I,]Ic

(!ar]y stages that distinguish two- way fro]]] o]~c way disks. ‘] ’]IC! ]):\ttCI”I)S arc Sll])CI’])OSiti[  )I)S

of tllc rip])lcs  a]ld 100SC  al’ills sccll i]~ tll[: ])clturl)at,iol] of olIc-\i7ay  disks by C.olll])a]liol)s

orl.)itillg o])]) ositc  to all(l i)l tllc salllc  scIIsc .3s tllc disk s])ill. M)lli]c  t,ll(!so  features are ])rcscl]t,

for o]]ly ZL short  intend, tl]cy arc distillctivc  a]ld could indicate substmltial  c{)tl]lt(:l-rc)tatillg

disk ~;alaxics ill particular mcountms mid tilllcs.

G]] was supported by NSF EI’SCO1{.  Gra]lt IiII 8996152 and NSF Grant AS’I’ 9014137.

S1 , WZIS supported by t]lc NSF Grant AST 9300413 (Summc]’ IWU llrOgra,lll).
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‘1’A1]l,lI; 1

1)1S’1’ 01” Slh4Ul,A’JTloN l’AliAMl;rl’l~;l{S

Figure 11/1) 1 ‘Crtul’bm 1 ‘ort,io]]  Cou]ltcr 1 ‘crturl)cr  vs.

Nu]]]bc] l)istallc(: ltotatillg l)isk  SCIISC
.———. — —. —. .—. _-—_
1

2

Not S]lOWIl

Not S] IOWI1

3

Not S]lOWll

4a ,b

5

Not ShOWll

(ka,l)

7

8
—. ..——

0.0

0.0

1.0
1.0
0.5
0.5
1.0
1.0
1.0

1.0

1.0

1.0

1 Solatcd

ISolatd

ISolat!cd

Isolat cd

Isolated

ISolatcd

2 disk radii

2 disk radii

2 disk radii

1 disk raclius

1 disk radius

2 disk radii
—.——

0.5

0.0

0.5

0.0
0.5

0.0
0.5
0.0
0.0
0.5
0.0
0.5

ISo]at(!d

ISolat(!(l

]Solatlc[l

lsolatcd

ISolatcd

Isolatccl

uIlcldiIlc!d

Same

Opposite

Undcfil]cd

Same

Undefmcd

Notes: Simulations are carried out for 900 time steps for the one-way disk simulations, 1000

st,cps  for the two-way disks. The pm-turber  mass is 0.1 galaxy mass for all tllc non-is o]atcd

simulations cxccpt  for the Figure 8 cncountcr  which had a 0.5 galaxy mass pcrturbcr.
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A])])c]]dix

III tl]is alticle  tllc lnaill co]]clusim]  bccolIIcs c.lc:I]  l)y si]~]])lc  cxa]l]i]]atio]l  of tllc si]]]l]latio]]

ilIIa#;t:s.  Wc dcsclibc ouI II Icf,l Iod of {lis])l:i~ 11(:1(: ill II1OIC (l(:tai].  SiIIc( lv(: I]:lITc so IIltl]ly

]mrticlcs (1 80,000)” it is il]]}mssiblc  to ])]ot tlIc]II i]ldividl]al]y wit]]  out F;ct,tfil]p)  a 1)101) of

su])cr])oscd ])oillts  ill t,hc c.cIItral  disk rcgimls. ‘1’IIc usual ])roccxlurc  of dis])layil]g  oIIly  a

s[]l)sct of poi]lts results i]] lost iIlfor]natio]l. IIlstcad,  WC take tllc ])osit,iolls of tl]c I)oilli,s

al)d  cmlstmc.t  a 256 x 256 s]mtial  grid aIId dctcr]I]iIlc  IIow  II IaIly ])oillts arc ill (ZICII cdl of

tllc grid, TIIc dilnmsiolls  of tllc grid arc four illittil disk radii square. IYc tllcl) dis])]ay tllc

CC1l S as slIdd squares froln ligl~t to dark as tlIc l)ariiclc IluIIIbcr i])crcascs.  No iIlfor]]]atio]l

is lost about Lllc il[~]cr disk patticlc  distributio]l. ‘1’lIc ])articlc dcn]sity is s]mrsc cIIouglI iIl

the outer edges cf t}~c disk so that they arc seen ifi til}y,  individual, liglltly-slladcd  squares.

!J’hc iin~g(;s reproduced here were taken fronl 256 x 256 anays of floating-poini  nmnbcrs

which ranged in value from zero to approximately 60,000 per cell,  ‘J’llc arrays were scaled

by the Humber 256/60000 to provide proper dark]]css contrast lmtwccn  inner and outer

structure. The cells with only one particle were set to ap])roxilnatcly  2200 by a.ddi]g this

number  to all non-zero cells. This assured th,at  single-particle CC1lS  were slightly darker

than the surrou?lding empty cells so as to bc easily seen. ‘J’lIc white areas  in the center

correspond to an inert ccntcr  in the n-body model.

‘The images were displayed using the IDL routines “tv”  and ‘(congrid,”  and each image

was rcsizcd for display. The images were loaded with a standard black and white linear

table. In order to improve the color contrast, the color table of each image was reversed

and stretched by xloadct  from the IDL widget library. The bottom and top stretch bars

of xloadct  were set to zero and thirty, rcspcctivcly. Darker  shading corresponds to areas

which represent larger  mass. Lighter shading corresponds to areas of low mass.
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l“i{;l]rc  1. ‘J’l]c cvolutiol) of al] isolat,cd  two  way stellar disk with 11/1)  ~ (). 1]] lI)c fip;llr(s

i]] {Il]is lm]x:r, increasing d;lrk]]css  ]cvcls  i]ldic:l(c ]Jarticlc I]l]l]]lJcr  c)r J]lass dc]]sity  ill tl]is

a]){] tl]c followi]]g fi~urcs. 1{’01’ Il]o].c  dct, ai]s, SC(J Al)l]crldix. “1’i]]]c illc.rcascs  left, to ri.p;llt  al)d

to]) to Imtt,o]]]  i]] this a]ld fol]owi]]g ]“igurcs. l’holuticn]  i]] tl]is l“igurc is sl]ow]] :It 100 st(:])

illtclvlils  t} Ir(lugll 1000 tin]c st,c])s.

l“igl.]l”c  2. ‘1’llc t,illle cvolutioll  (lCft to I’iF;llt, tol) to I)ottolll)  of all iSOlilt(!d Ollc- way s te l lar

disk wit]] 11/1) =- O (i. e., disk self gravity is illlportallt).  }’;volutiol)  ill tl)is l“igul c is sllowl]

ai 100 StC!]) iIltC!rvals thllgh 900 tilne  Stcq)s.

Figure 3. ‘1’lic evolution of ml isolated two-way stellar disk with 11/1) =- 0.5. ‘Evolution il]

tl]is l“igurc is shown all 100 step i]ltcrvals  tl]rougll  1000 ti]nc stcl)s.

l“igI.u-c  4ZL. The time cvoluticm  of a two-way disk with H/1) == 1 perturbed by a 0.1 galaxy

]nass disturber which passes two disk radii from the ccntcr in an orbit co-pla]lar with the

disk. ‘llc small companion which perturbs tllc disk edge ]nay bc SCCJ1 in some frames of

this and following figures as a black dot in contrast to the lighter colored disk “stars” in

tllosc regions.

Figure 4b. The same cncountcr  and two-way stellar disk as in Figure 4a with delineation

of {,hc tidal features sharpcnc,d  by plotting zero velocity dispersion ]lon-ccdliding particles.

Figure 5. The time evolution of a one-way disk with H/D = 1 perturbed by a 0.1 galaxy

mass disturber which passes two disk radii from the center in an orbit co-planar with the

disk in the same sense as the disk spin. ‘

Vigurc  6a. The time evolution of a two-way disk with H/D == 1 perturbed by a 0.1 galaxy

mass disturber which passes onc disk radius fro] n the ccntcr  in an orbit co-planar with the ,

disk.

Figure 6b. ‘1’hc same encounter and two-way disk as in Figure 6a with dclincation  of the

tidal features sharpened by plotting zero velocity dispersion particles.
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l{’iglllc 8:].  ‘.l’lIc tilnc cvo]utioll  of z~ two-way  d i s k  w i t h  11/1) = 1 ])crtllrl)c(l  l)j~ a 0.5 $;alaxy

]Ilass disturbm  wlli.cll ])a.sscs two d i s k  radii froln tllc ccl)tcr  ill a]] orl)it  co-])la]la]  wit]] tllc

(Iisk (q)]) ositc  to tl]e disk s])il).

1{’igurc 81). “1’lic  sa])lc  cl)c.ou]]tcr  a]ld two-way disk as i)] 1~’igllrc fh with (lclillcai,ioll of tllc

tidal  fcaturm sl]arl)c)lcd by plotting zero velocity dispersion ])articlcs.
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